Introduction {#sec1}
============

At low ionic strength, the globular protein lysozyme has shown to interact via a mixed potential that consists of a long-range screened Coulomb repulsion and a short-range attraction (SALR potential), leading to the formation of equilibrium clusters at higher protein concentrations.^[@ref1]^ The current and generally accepted picture is that such a SALR potential leads to equilibrium cluster formation as a generic feature that can be found in a large number of vastly different synthetic and biological colloidal systems, and it has, for example, serious implications in biologics, i.e., for formulations of biological macromolecules such as antibodies or globular proteins.^[@ref2],[@ref3]^ Moreover, aggregating proteins interacting via the SALR potential have been linked to various degenerative diseases, such as sickle cell disease.^[@ref4],[@ref5]^

The structural and dynamic consequences of this cluster formation have been discussed in a vast number of publications, where analogies to colloids have been used to understand and predict the relevant experimental parameters, such as primarily the static structure factor, as well as the short and long time collective and self-diffusion coefficients.^[@ref6]−[@ref18]^ Here it has been realized that self-assembly into clusters can considerably enhance the viscosity of these solutions at higher concentrations. There have in fact been experimental and simulation studies that discussed the existence of a cluster-induced dynamical arrest or a cluster glass, but this topic has remained controversial, with conflicting evidence so far.^[@ref14],[@ref17],[@ref19]^

Given the enormous attention devoted to equilibrium cluster formation in proteins and colloids, and the well-documented importance of the process also for applications such as drug formulation, there is in fact an astonishing lack of publications investigating its effects on macroscopic flow properties. This unsatisfactory situation clearly is not only caused by the notoriously difficult task of measuring protein solution viscosities with traditional rheological tools,^[@ref14]^ but also due to the experimental difficulties in preparing samples with sufficiently high concentrations.

In fact, only two experimental studies discuss the formation of a cluster glass and report on the zero-shear viscosity behavior of lysozyme beyond ϕ = 0.25, but they arrive at completely different conclusions. One study^[@ref14]^ found indications of a macroscopic arrest (ϕ~g~ ≳ 0.26 at 5 °C) while the other^[@ref17]^ concluded that lysozyme does not arrest macroscopically; although a slowing down of dynamics was found on short time scales, rheology revealed Newtonian fluid behavior even at ϕ = 0.345 at 5 °C.

In this work, we therefore aim to further investigate the possible existence of a cluster glass transition in highly concentrated lysozyme samples and thus revisit the viscosity-concentration dependency. In order to probe such samples close to the glass transition, we resort to the field of microrheology. Passive microrheology is a noninvasive technique that relies on thermal motion and thus indirectly measures the zero shear viscosity, η~0~, of a sample by tracking the motion of embedded tracer particles.^[@ref20],[@ref21]^ The use of microrheology leads to an elegant experimental design, where a mere ∼150 μL of a specific lysozyme sample can be used in two different experimental setups. The first, tracer particle microrheology based on dynamic light scattering (DLS), has previously been successfully used on moderately concentrated lysozyme solutions^[@ref22]−[@ref25]^ in order to prove the efficacy of the technique. The second technique is (passive) multiple particle tracking (MPT), facilitated by confocal laser scanning microscopy (CLSM). This technique is conventionally used for determining rheological properties of complex fluids^[@ref26]−[@ref28]^ and has already been applied to moderately concentrated lysozyme solutions^[@ref22]^ as a proof of concept.

In addition, we develop and apply a simple evaporation process in order to create lysozyme solutions with volume fractions beyond ϕ = 0.35 in a controlled way. This allows us for the first time to unambiguously confirm the existence of a cluster glass transition in lysozyme solutions at low ionic strength. We discuss our findings in the context of the existing experimental data and relate them to new and recently published simulation results.^[@ref14],[@ref17],[@ref19]^

Materials and Methods {#sec2}
=====================

Tracer Particle Modification {#sec2.1}
----------------------------

Fluorescently labeled carboxylate modified polystyrene (PS) particles with a diameter of 0.2 μm were purchased from Thermo-Fisher (F8809). Particles were dialyzed before surface modification to remove any nonionic surfactants present from manufacturing. The surface modification has been discussed in detail earlier,^[@ref25]^ however it will be described briefly here. Using an amine-coupling reaction, amine-PEG (poly(ethylene glycol)) brushes were covalently bound to the carboxyl groups on the PS particles. The amine-PEG, with molecular weight 20 kDa, was purchased from Rapp Polymere (1220000-2) and used as received. Amine-PEG in a pH 6.0 MES-buffer was mixed with particles at a 50× excess of amine-PEG to carboxyl groups. The cross-linker, *N*-(3-(dimethylamino)propyl)-*N*′-ethylcarbodiimide, was added at a concentration of 20 mM with the buffer finally adjusted to acidic pH using a 0.1 M MES-solution. The mixture was left for 24h after which the reaction was aborted by the addition of glycine. The now pegylated particles were washed and retrieved using centrifugation with the first incomplete pellet being discarded to remove larger particles that were already present in the original particle dispersion as received.

Sample Preparation {#sec2.2}
------------------

The procedure for preparing lysozyme samples has been described earlier.^[@ref1],[@ref14],[@ref25]^ Lysozyme, lyophilized powder from Sigma-Aldrich (L6876), was dissolved in salt-free 20 mM Hepes buffer, pH 7.8, at a concentration of 40 mg/mL. Because of the presence of salt in the purchased lysozyme powder, it was subsequently washed thoroughly using a 15 mL 3 kDa Amicon Ultra centrifugal filter by replacing the buffer until the conductivity of the supernatant was that of the native buffer. The lysozyme was further concentrated using the same devices with the final higher concentrations achieved using 0.5 mL 10 kDa Amicon Ultra centrifugal filters. This allowed for sample volumes of ∼100--300 μL which are more than sufficient for microrheology measurements. The final sample concentration was determined using UV--vis spectrometry with ~1 cm~^1%^ϵ~280 nm~ = 2.64 and converted to volume fraction, ϕ, using a voluminosity of 0.74 mL/g.^[@ref14],[@ref25]^ The highest volume fraction achievable using this method was ϕ = 0.35 ± 0.03.

Protein samples were mixed with the particle dispersion, at a particle concentration of ∼10^--2^ wt%, using a vortexer and the accompanied change in concentration was recorded gravimetrically. Samples were prepared just before measurements and subsequently split into dynamic light scattering (DLS) and multiple particle tracking (MPT) parts.

Dynamic Light Scattering {#sec2.3}
------------------------

A 3D modulated cross-correlation light scattering instrument (LS Instruments GmbH, Switzerland) was used in combination with a diode laser (λ = 660 nm) as the light source. The experimental setup is explained in detail elsewhere.^[@ref29]−[@ref31]^ The DLS data was obtained for 3--20 min, depending on sample viscosity, at 90° where each measurement was repeated three times with approximately 100 μL used for each sample. Next, using a first order cumulant analysis,^[@ref32],[@ref33]^ the apparent diffusion coefficient, *D*, of the tracer particles is obtained and normalized against the protein-free case, thus yielding the relative zero shear viscosity, η~r~, according to the Stokes--Einstein expression , where *k*~B~ is the Boltzmann constant, *T* is temperature, *R*~H~ is the particle hydrodynamic radius, and η is the sample viscosity.^[@ref20],[@ref21]^ Verification of successful surface modification was initially determined by continuously investigating the apparent particle size using DLS at an angle of 90°, when dispersed in a 2 M NaCl solution. Lack of sufficient functionalization results in an apparent size increase due to aggregation. This is shown in [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.8b11781/suppl_file/jp8b11781_si_001.pdf) in the Supporting Information where the apparent hydrodynamic radii of both functionalized and untreated particles are shown, normalized by their respective sizes in salt-free water, verifying that the functionalized particles are indeed sterically stabilized.

Confocal Microscopy {#sec2.4}
-------------------

For image acquisition, an inverted confocal laser scanning microscope (CLSM) (Leica, DMI6000) with a SP5 tandem resonant scanner at 50 frames/s was used. An oil immersion objective (100×, n.a. 1.4) was used for all images and a HeNe laser with wavelength λ = 543 nm. Three to five videos of at least 8000 frames were recorded, with each frame 512 × 256 pixels or 51.67 × 25.83 μm. Each video was made at a different location in the sample and at 20 μm (≈100 particle diameters) depth from the coverslip to exclude wall interactions. Because of the low concentration of particles, such deep penetration of the sample is possible. The setup includes a temperature-controlled box around the entire microscope, allowing for temperature control ±0.2 °C. Samples were equilibrated at least 20 min before measuring at 20 °C. The sample cell consists of a microscopy slide with a double sided sticker (Secure-Seal spacer, 9 mm diameter, 0.12 mm deep) which was sealed with a coverslip. All glass slides and coverslips were cleaned and dried before use.

Particle tracking was performed using the standardized image analysis routines in IDL from Crocker et al.^[@ref34]^ Instead of relating the slope of the resultant 2D mean squared displacement (MSD) to the particle diffusion coefficient, we followed the approach as described by Josephson et al.^[@ref35]^ In short, the one-dimensional Van Hove self-correlation for each specific lag time τ was calculated for both *x* and *y* direction. The Van Hove self-correlation function *P*(Δ*x*, τ) describes the probability of a particle moving Δ*x* after a certain lag time τ. Such a distribution of displacements follows a Gaussian distribution with enough statistics if purely diffusive particles experience a homogeneous environment.^[@ref36]^ We tested for which lag times τ the shape of the Van Hove function indicated a purely diffusive system, and took only the displacement data Δ*x* at the specific time point with highest statistics. These displacements were then used to calculate the tracer diffusion coefficient *D* via the Stokes--Einstein relation. With decreased particle mobility, the systematic errors in experimental settings and particle tracking become more important. For this reason, the diffusion coefficient was also calculated using *P*(Δ*y*, τ) to increase statistics.

In order to get an idea of the limitations of our confocal setup, we measured the apparent motion of the tracer particles immobilized in a cross-linked matrix of PNIPAM. The same settings were used as before and as a result, we determined our noise floor (i.e., the maximum displacement that can be detected) to be around ⟨*r*^2^⟩ ∼ 0.002 μm^2^. The noise floor (shown as a solid black line in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}) also highlights the apparent motion at long lag times arising from drift, which inherently has a larger effect on the MSD at long lag times since ⟨*x*^2^ + *y*^2^⟩ = 4*D*τ + (*V*τ)^2^, where *V* is the overall velocity of the sample.^[@ref37]^ Although we attempted to remove drift, it was not eliminated completely.

Results and Discussion {#sec3}
======================

The resulting relative (zero shear) viscosity, η~r~ = η~Sample~/η~Solvent~, obtained from DLS-microrheology, is shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} as a function of volume fraction, ϕ. The data is in good agreement with earlier findings,^[@ref14],[@ref25]^ suggesting indeed the previously postulated existence of a cluster glass transition. DLS measurements using nonfluorescent tracer particles^[@ref25]^ yield the same result and confirm that the fluorophores do not negatively influence DLS measurements.

![Relative viscosities of lysozyme solutions at 20 °C as obtained from DLS (circles) and MPT (squares) agree well over a wide concentration regime (colored yellow--red). Two reference samples with nonfluorescent tracer particles investigated using DLS are also included (white circles) to demonstrate that the presence of fluorophores does not negatively impact the DLS results. Note that for clarity only a subset of the data is shown in this graph while the entire set is presented in the [Supporting Information, Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.8b11781/suppl_file/jp8b11781_si_001.pdf). A Quemada fit to the entire set of data yields a volume fraction of approximately 0.34 for the liquid--solid transition. The average relative viscosity of the two least concentrated samples from the evaporation series in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} (blue squares) agrees well with the conventionally prepared samples.](jp-2018-11781r_0002){#fig1}

However, there remains the discrepancy with the study of Godfrin et al.,^[@ref17]^ and it is clear that only measurements at volume fractions above the postulated cluster glass transition line would be able to unambiguously demonstrate the existence of a truly arrested and nonergodic state at these concentrations. Unfortunately, it was not possible to directly reach the glass transition using the aforementioned method since the tracer particle addition inferred a finite sample dilution. In order to circumvent this we introduce another microrheology approach, CLSM-based MPT, for which we will later discuss a novel preparation method allowing us to reach the glass transition. Since the motion of the particles is captured in videos obtained via CLSM, the only requirement is that tracer particles are resolvable and fluorescent. As it is a more local measurement opposed to the bulk measurements obtained with DLS, the sample can also be checked for crystallites, local heterogeneities, and possible clustering of the tracer particles. An extra benefit is also obtained as even less sample volume is needed (5 μL).

The videos from CLSM are analyzed using standard particle tracking scripts, from which the time averaged 2D (⟨Δ*x*^2^ + Δ*y*^2^⟩) mean squared displacement (MSD) of each tracer particle is obtained, which are then ensemble averaged to yield a representative MSD of the sample.^[@ref34]^ All 2D-MSD MPT data are converted to 3D-MSD,^[@ref37]^ to match the dimensionality of the MSD calculated from DLS.^[@ref38]^ Note that while DLS in principle measures Brownian motion of the tracer particles along the direction of the scattering vector, the scattering of our system is completely isotropic, and the calculated MSD thus corresponds to the true 3D-MSD (throughout the rest of the text MSD will refer to 3D-MSD).

The slope of the 2D-MSD from MPT can easily be related to the diffusion coefficient *D* of the particles as (⟨Δ*x*^2^ + Δ*y*^2^⟩) = 4*D*τ + (*V*τ),^[@ref2]^ where τ is the lag time, and *V* is overall drift.^[@ref37]^ However, extracting diffusion coefficients from the slope of the MSD determined by CLSM-based MPT data is not a very robust procedure---low statistics can alter the slope significantly, and the particular choice of cutoff values used to select the data range can be critical. Therefore, we have chosen a more robust approach as described in Josephson et al.^[@ref35],[@ref37]^ which we detailed in the [Materials and Methods](#sec2){ref-type="other"}. In short, via the one-dimensional Van Hove self-correlation function *P*(Δ*x*, τ) we test at which lag time τ the system displays purely diffusive motion with highest statistics, and use the selected data set to calculate the diffusion coefficient. We also perform a direct comparison of the measured MSDs from DLS and MPT, thus establishing that we are following tracer particle motion in the correct long time limit and that all particle displacements used to calculate *D* follow purely diffusive motion. The diffusion coefficient is then used together with the Stokes--Einstein relation to obtain the sample viscosity.

The validity of the MPT-approach is first confirmed by investigating conventionally prepared samples utilizing both MPT and DLS. The obtained viscosities are displayed together in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and the results from both methods are consistent over the investigated concentration regime. The corresponding MSDs are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a, which displays the expected overlap between the two techniques. For clarity, only a subset of samples is displayed in these figures with the entire sample set being available in the [Supporting Information, Figures S2 and S3](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.8b11781/suppl_file/jp8b11781_si_001.pdf). As an example, typical Van Hove self-correlation functions at τ = 0.02 s are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b, although we note that different time steps τ were used for extraction of the viscosity values shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. All distributions follow a Gaussian distribution, confirming that the tracer particle motion is purely diffusive at all protein concentrations. This purely diffusive motion is also confirmed to be true for the DLS-measurements, as shown in the [Supporting Information (Figure S4)](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.8b11781/suppl_file/jp8b11781_si_001.pdf). A slowing down of the tracer particle motion at increasing lysozyme concentration is clearly seen, as the probability density function narrows with increasing volume fraction. Using the method described by Horn et al.,^[@ref39]^ we finally fit the data in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} using an effective hard sphere model (Quemada),^[@ref40]^ η~*r*~ = (1 -- ϕ/ϕ~max~)^−2^, in order to determine the critical volume fraction ϕ~max~ for the arrest transition. This results in a value of ϕ~max~ = 0.34 for the liquid--solid transition of the system. Here we also note that this result is quite insensitive to the choice of the relationship used to fit the data for the concentration dependence of the reduced viscosity, which is demonstrated in [Figure S2 in the Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.8b11781/suppl_file/jp8b11781_si_001.pdf), where we also include an analysis using the Krieger--Dougherty relation (KD), leading to ϕ~max~ = 0.35.

![(a) mean squared displacements of tracer particles at different lysozyme concentration obtained using MPT (squares) and DLS (circles). The color scale indicates an increasing lysozyme concentration and corresponds to the same colored data points in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. Dashed lines indicate a purely diffusive system. The full data set is available in the [Supporting Information, Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.8b11781/suppl_file/jp8b11781_si_001.pdf). b) The Van Hove self-correlation functions at τ = 0.02 s in both *x* and *y* direction (diamonds respectively upside down triangles). The diffusion coefficient of tracer particles was calculated using Gaussian fits (solid lines) to the Van Hove function. The color scale for the lysozyme concentration is the same as in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a.](jp-2018-11781r_0003){#fig2}

Having confirmed the validity of MPT to obtain reliable values of the relative viscosity for lysozyme samples below the arrest line, we now attempt to experimentally verify the existence of a true cluster glass transition. The relative viscosity results ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}) predict the glass transition to occur around ϕ = 0.34. However, such high concentrations were impossible to create using standard sample preparation procedures. Therefore, we employed a simple but unconventional technique, where the concentration of a conventionally prepared protein sample (369 mg/mL; ϕ = 0.27) is increased through controlled evaporation of water. The change in Hepes buffer concentration upon evaporation is expected to have a negligible effect on the low ionic strength conditions of the sample. This is due to it being a zwitterionic compound, the like of which are known to not contribute to the ionic strength of a solution.^[@ref41]^ Furthermore, there are no other components in the buffer that could affect the sample condition as great care is taken to remove any residual salt originating from the lysozyme powder during sample preparation. The final average sample concentration could then be gravimetrically determined from the reduced solvent content ([Supporting Information, Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.8b11781/suppl_file/jp8b11781_si_001.pdf)). Several samples over a range of elevated concentrations were characterized using MPT. Five videos were created for each sample at distinctly different positions in an effort to explore the full sample volume.

The sample cell used for this controlled evaporation experiment consists of a microscope glass slide with a double-sided sticker that also acts as a spacer between glass slide and coverslip. The sticker possesses a hole in the middle where the sample droplet is deposited. Volumes of 5 μL were placed on the glass slide, and the evaporation was terminated by carefully pressing a coverslip on top in order to seal the cell. During evaporation, the initially homogeneous sample drop develops a macroscopically visible core--shell structure. A more concentrated shell forms at the air-sample interface, restricting evaporation of the inner more liquid core. This behavior is analogous to what has been observed in complex aqueous solutions,^[@ref42],[@ref43]^ where an intermediate state was observed with a solid shell at the air-sample interface and a liquid core. Sealing the cell with the coverslip induces a shearing force that effectively homogenizes the core--shell concentration profile present after the evaporation process, and the sample now looks again macroscopically homogeneous. It is worth mentioning that noticeably more force is required when sealing samples that are completely arrested. We highlight that this intermediate state appeared already after 2 min of evaporation, a time window that would rapidly decrease with higher starting concentrations. This could thus easily affect MPT--microrheology measurements that rely on handling minute sample volumes. In contrast, an immediately sealed sample shows no reduction in weight over the span of 7.5 h, corroborating that sealing indeed prevents further evaporation.

The recorded motion of the tracer particles, in the form of MSDs, is shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. The ensemble averaged MSD for each different sample location is displayed (i.e., each MSD represents one recorded video), to visualize the changes in the sample and highlight its heterogeneous nature as it approaches the glass transition. Each MSD corresponds to an individual observation volume, defined by the field of view for each frame 51.67 × 25.83 μm. At short evaporation times, all MSDs overlap, indicating a homogeneous sample in the liquid phase ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a,b). The averaged relative viscosity obtained from these state points have been included in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and show good agreement with the conventionally prepared samples, which further supports the case that evaporation does not impact the sample behavior due to the great care taken during sample preparation to maintain a buffer condition corresponding to minimal ionic strength. This confirms the homogeneity of these samples, and that the overall concentration measured experimentally indeed characterizes all state points investigated within the sample. A heterogeneous slowing down occurs in the intermediate sample concentrations close to the arrest ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c,d), reflecting the existence of a concentration gradient from the liquid core to the solid shell within the sample. This inhomogeneity is only seen in the particle motion and not in the particle distribution, which remains homogeneous at all times. The reason why we see these concentration inhomogeneities in MPT experiments is the dramatic dependence of the viscosity on concentration close to the arrest transition, where η~r~ appears to diverge. This amplifies the effect of small inhomogeneities in concentration on the mobility of individual tracer particles, and it is thus reflected in the ensemble averaged MSDs shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c,d. Finally, once the entire sample is completely arrested throughout, we lose any ability to detect still existing inhomogeneities as all tracer particles are now completely arrested within the spatial resolution of the confocal microscope on all accessible time scales, and their individual MSDs only reflect the instrument drift and thus once again overlap ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}e,f). The averaged lysozyme volume fraction at which the glass transition occurs is thus around ϕ~max~ = 0.34--0.37, in line with the results from the Quemada fit (ϕ~max~ = 0.34).

![MSDs of tracer particles in lysozyme samples obtained using MPT (squares) at different evaporation times (increasing from a to g) displaying the entire range from liquid to solid behavior. Individual MSDs from measurements at different locations within the sample interior are shown. This illuminates the heterogeneity also observed macroscopically in the intermediate concentration regime. Displayed is also the noise floor obtained by fixating particles in a polymer matrix (solid line). The concentrations are estimated averages assuming a homogeneous evaporation rate throughout the entire sample.](jp-2018-11781r_0004){#fig3}

The observed arrest thus supports the prediction by Cardinaux et al.^[@ref14]^ regarding the existence of a cluster glass transition in a low ionic strength lysozyme system. While their exact location of the arrest transition differs from that presented here, the lower volume fraction predicted for the glass transition at 5 °C as compared to our results (20 °C) can at least partially be rationalized by the known enhancement of cluster growth at lower temperatures.^[@ref14]^ In fact, the relative viscosity results shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} correspond reasonably well with the data presented by Godfrin et al.^[@ref17]^ despite the differences in sample preparation/condition ([Supporting Information, Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.8b11781/suppl_file/jp8b11781_si_001.pdf)). We can only speculate as to what may have led to the different conclusion drawn by Godfrin et al.,^[@ref17]^ who stated that lysozyme remains a macroscopic fluid even at high protein concentrations based on their active microrheology experiments. A possibility could be the sensitivity of the system, with respect to its interaction potential and the resulting cluster size distribution, to pH and ionic content.^[@ref9],[@ref15],[@ref17],[@ref18],[@ref44],[@ref45]^ Additionally, it has been established that lysozyme responds differently to active versus passive microrheology.^[@ref46],[@ref47]^ Perhaps the soft cluster glass, that forms as a result of the weak temporary bonds induced by the SALR potential, locally shear-melts already at the low shear stress induced by the active microrheology experiment.

Conclusions {#sec4}
===========

In conclusion, the cluster glass transition in concentrated lysozyme samples has been characterized through a combination of microrheology (which allows for minute sample volumes) and controlled evaporation (which lead to concentrations beyond the glass transition). Our experiments unambiguously demonstrate that full arrest occurs around ϕ~max~ = 0.34--0.37. The relative viscosities determined by DLS and MPT-based microrheology quantitatively agree throughout the fluid regime, and their concentration dependence is reproduced by the Quemada relationship, predicting an arrest transition at ϕ~max~ = 0.34, in agreement with the findings from the controlled evaporation experiments. This study showcases how one can explore previously unreachable regions, at and beyond arrest transitions, of concentrated protein solutions using such microliter-based approaches. Future work should include mapping the arrest line of lysozyme as a function of pH and ionic strength, where controlled evaporation could shed light on the phase behavior of lysozyme in the transition regime between salt-free conditions and high ionic strength. Another open question is the effect of induced stress on local microrheological properties of the cluster glass, and the relation of induced stress to the existence of a macroscopic yield stress value, which could be pursued using a combination of classical rheometry and active microrheology. As a side-note, we also caution others to account for the possible concentration increase caused by evaporation during the short period before the sample is properly sealed, which can be highly significant when performing microrheology experiments on concentrated samples close to an arrest transition using microliter volumes.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.jpcb.8b11781](http://pubs.acs.org/doi/abs/10.1021/acs.jpcb.8b11781).Additional information regarding functionalization verification and evaporation procedure, full data set of the investigated lysozyme samples and comparison with literature, and complementary information regarding the validity of DLS-MSD. ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.8b11781/suppl_file/jp8b11781_si_001.pdf))
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